This laboratory-based bench study was undertaken to evaluate the accuracy and equilibration characteristics of air and saline respectively as CO 2 equilibrating media in the silicone balloon of a gastric tonometer and to compare two methods of measuring air PCO 2 .
Measurement of intramucosal pH (pHi) by gastric tonometry for the assessment of splanchnic oxygenation is a recent addition to critical care monitoring techniques 1 . The value is calculated by substituting the gastric luminal PCO 2 and a simultaneous arterial bicarbonate concentration in the Henderson Hasselbach equation. Gastric luminal PCO 2 is derived using saline as an equilibrium medium in the silicone balloon on the end of a modified nasogastric tube.
The PCO 2 in this medium is measured in a blood gas analyser and adjusted to a steady state value using time-based correction factors supplied by the manufacturer.
Despite studies demonstrating that low pHi is associated with increased morbidity and mortality and gastrointestinal dysfunction [2] [3] [4] [5] [6] [7] [8] , the technique has not found universal acceptance in the management of critically ill patients. This can be attributed in part to a number of limitations of the technique, such as the unvalidated assumption that mucosal and arterial bicarbonate concentrations are equal, the presence of analyser dependent bias and imprecision in saline PCO 2 measurement 9,10 and the potential magnification of measurement error by the recommended correction factors. Alternative equilibrating media including gelofusin, human albumin, Haemaccel™, Hartmann's solution and phosphate buffered saline have shown only marginally improved levels of bias and precision 9, 11, 17 when evaluated by bubble tonometry.
Gaseous media are the only media apart from blood for which blood gas analysers are designed to produce accurate PCO 2 measurements. Consequently, air has been proposed as an alternative equilibrium medium in gastric tonometry, but information on its accuracy and equilibration characteristics is lacking. In one study on experimental animals, evidence was presented that the performance of air in this context was similar to that of saline 12 but no reference standard was used. In addition to PCO 2 measurement using a blood gas analyser, a measurement technique based on infrared absorption has now become commercially available (Tonocap TC-200, Datex Instrumentarium, Finland). Both techniques require further evaluation.
The aims of this study were twofold: 1. Using a blood gas analyser and known reference standards to compare the accuracies of air and saline as equilibration media in the silicone balloon of a gastric tonometer. 2. To validate the Tonocap TC-200 device used in conjunction with a gastric tonometer against known reference standards.
MATERIALS AND METHODS Experiment 1: Comparison of air and saline in a blood gas analyser
Two gastric tonometers (TRIP NGS Catheter, Tonometrics Inc., Worcester, MA, U.S.A.), prepared according to the manufacturers' instructions, were suspended in a water bath containing five litres of 0.9% saline maintained at 37±0.1°C using a heaterstirrer. Certified CO 2 calibrated gases (BOC Gases, Australia Limited) were bubbled into the bath which was covered with a plastic film to allow rapid equilibration. The calibration gases used were as follows: Gas 1: carbon dioxide 2.02%, oxygen 2.99%, nitrogen remainder Gas 2: carbon dioxide 5.02%, oxygen 5.89%, nitrogen remainder Gas 3: carbon dioxide 9.80%, oxygen 9.85%, nitrogen remainder The PCO 2 in the bath was monitored continuously using a calibrated Paratrend 7 sensor (Biomedical Sensors, U.K., Ltd). The tonometers and the Paratrend 7 sensor were suspended in the bath away from the bubble stream.
The tonometers were primed with the test-media only when the PCO 2 measurement by the Paratrend 7 sensor was stable and within 2 mmHg of the value cal-culated to represent full equilibration. Priming was then performed with 5 ml of air and 2.5 ml normal saline respectively (5 ml of air was chosen as the priming volume based on our measurement of the volume of air used by the machine for priming, when it performs an automated measurement). The equilibration periods were 30 and 90 minutes, with fresh priming before each period. (The 30 minute period represents the minimum duration of equilibration recommended by the manufacturer for saline and requires the use of the largest correction factor. The 90 minute equilibration represents the full equilibration time and utilizes the smallest correction factor according to the technical data.) At the end of the equilibration period, samples were aspirated anaerobically according to the manufacturers' instructions and analysed in duplicate in an ABL 620 blood gas analyser (Radiometer, Copenhagen). For each calibration gas, three separate equilibrations were performed at each time interval.
All analyses for a given combination of test solution and calibration gas were performed within one calibration cycle of the blood gas analyser.
Experiment 2: Validation of the Tonocap TC-200 monitor
The water bath was prepared as in Experiment 1. Two gastric tonometers (Tonometer 1 and 2) were suspended as before and calibration gases were bubbled through the bath. The gases used in this experiment were: Gas 1: carbon dioxide 5.02%, oxygen 5.89%, nitrogen remainder Gas 2: carbon dioxide 9.80%, oxygen 9.85%, nitrogen remainder At steady state as indicated by the Paratrend 7 sensor, both tonometers were primed with 5 ml of air and Tonometer 2 attached to a Tonocap device. After equilibration (15 and 30 minutes-15 minutes is the minimum duration recommended by the manufacturers of Tonocap for an automated measurement and 30 minutes duration was chosen based on results in Experiment 1) Tonometer 1 was aspirated anaerobically. The first ml of air, thought to represent the dead space in the sampling tube, was discarded. The remaining sample was aspirated and analysed in an ABL 620 blood gas analyser. The PCO 2 of the air in Tonometer 2 was measured by the Tonocap. For each calibration gas, three separate equilibrations were performed at each time interval. All analyses for a given combination of test solution and calibrations were performed within one calibration cycle of the blood gas analyser.
The experiment was repeated with Tonometer 1 47 AIR IN GASTRIC TONOMETRY attached to the Tonocap device and Tonometer 2 air sample analysed in the blood gas analyser. The calibration gases were then directly analysed by both the ABL 620 blood gas analyser and the Tonocap device.
Paratrend 7 Sensor
The Paratrend 7 sensor (Biomedical Sensors, U.K., Ltd) is a sterile single-use device for the continuous measurement of pH, PCO 2 , PO 2 and temperature. It is comprised of optode-based pH and PCO 2 sensors, a Clark PO 2 electrode and a thermocouple for temperature measurement. Trials of the device have demonstrated a high level of accuracy 13, 14 .
Tonocap Device
The Tonocap TC-200 (Datex Instrumentarium, Finland) regional capnometry monitor is an automated infra-red device for the measurement of CO 2 tension. It is designed to measure the tonometric balloon PCO 2 and the end-tidal CO 2 tension. The TRIP catheter is attached to the Tonocap by means of a gas impermeable sampling line supplied by the manufacturer. The machine also allows manual entry of blood gas values and provides a display of the pHi.
Data Analysis
The measured PCO 2 values were paired with the expected values to calculate bias and precision by the method of Bland and Altman 15 . The expected equilibration values of PCO 2 were calculated as follows:
Expected PCO 2 (mmHg)=(pB -47)2% CO 2 /100 where pB was the barometric pressure in mmHg reported by the blood gas analyser, and 47 is the saturated vapour pressure of water in mmHg at 37°C.
Bias was calculated as the mean difference between the measured and the expected values. Percentage bias was then expressed as one hundred times the bias divided by the mean expected value. Precision was calculated as the coefficient of variation of the differences, which was expressed as one hundred times the standard deviation divided by the mean expected value.
RESULTS
The bath PCO 2 concentrations remained stable throughout the experiment. The accuracy of the Paratrend 7 was comparable to previously published data 16 .
Experiment 1
The bias and precision for saline and air are presented in Table 1 . With saline as the equilibration medium, the blood gas analyser showed negative bias at 5% and 10% CO 2 and positive bias at 2% CO 2 . The precision was similar at all gas concentrations. The application of the recommended correction factors magnified the bias at the 2% CO 2 level as shown in Table 2 .
With air, a consistent negative offset of 20-23% was obtained with acceptable precision at all three gas concentrations. The magnitude of offset was independent of the equilibration time.
Experiment 2
When air PCO 2 from the equilibrated tonometer was measured in a blood gas analyser, the negative offset and precision were similar to those seen in Experiment 1 ( Table 3) .
The accurate and precise when measuring calibration gases directly ( Table 4 ). The impact on pHi measurements whilst using air PCO 2 using tonocap and the blood gas analyser is illustrated in Table 5 .
DISCUSSION
When an alternative liquid CO 2 equilibration medium is undergoing evaluation for gastric tonometry, it is essential that before recommendations are made, bias and precision are determined following equilibration in a gastric tonometer. Bubble tonometry alone may be misleading since it does not replicate the permeability characteristics of CO 2 across a silicone membrane, the need for longer dwell times in a gastric tonometer and the potential for mixing of sample with the tonometer deadspace. Many published trials advocating the use of alternative media are based on data from bubble tonometry alone [9] [10] [11] . With gaseous equilibration media, bubble tonometry cannot be used. For these reasons, in Experiment 1 we compared the accuracies of PCO 2 measurement in air and saline after equilibration in and aspiration from the silicone balloon of a gastric tonometer. The CO 2 tensions used during the assessment were similar to the range encountered in vivo. The Paratrend 7 sensor, which has been validated for PCO 2 measurements in saline 16 , was used as a check mechanisms to ensure that the gas tensions in the bath were maintained at the expected value.
The results demonstrate that in saline, PCO 2 measurement characteristics after equilibration through the balloon of a gastric tonometer are similar to those previously shown by direct equilibration in a bubble tonometer 17 . There was bias of varying magnitude with bidirectional characteristics depending on the CO 2 concentration, confirming that saline is not an ideal equilibration medium for blood gas analyser PCO 2 measurement. No uniform correction factors could be derived from these data without magnifying the bias under some circumstances ( Table  2 ).The results from the above study, in conjunction with other unpublished data [9] [10] [11] , emphasize the need for individual analyser calibration when saline is used in gastric tonometry. It is noteworthy that most published data on gastric pHi in critical illness have involved saline as the equilibration medium and the application of standard correction factors without analyser calibration [5] [6] [7] . With air, precision remained acceptable across a wide range of CO 2 tensions, but a correction factor of 1.25 was required to correct the negative offset at all CO 2 concentrations. The offset was the same at 30 minutes and 90 minutes, implying complete equilibration at 30 minutes.
In Experiment 2, the bias and precision of air PCO 2 measurement by blood gas analyser were similar to the values obtained in Experiment 1. The same correction factor (1.25) could be applied. Other workers have demonstrated a similar negative bias after syringe aspiration of equilibrated air. For example, in an evaluation of an automated infra-red system for the measurement of gastric luminal PCO 2 , there was a consistent -21% offset when air PCO 2 was measured in a Ciba-Corning analyser 18 . Importantly, in our study when calibration gas was introduced directly into the ABL-620 using a syringe, the negative bias disappeared ( Table 4 ), suggesting that blood gas analyser bias associated with gastric tonometer air equilibration is pre-analytic.
Sampling of air from the TRIP catheter was performed in a manner similar to the recommended method of saline aspiration, i.e. by aspiration and discarding of 1ml deadspace (gas in the silicone tubing) followed by aspiration of the sample in the balloon for analysis. It is probable that the aspiration of the deadspace caused mixing of the balloon gas with residual deadspace resulting in a consistent offset of approximately -21%. Other supportive evidence suggesting that the measurement bias with air is preanalytic comes from the technical data on the ABL-620, which quotes PCO 2 measurement bias and precision in gaseous samples of only 0.1±0.2 mmHg for PCO 2 values between 10 and 140 mmHg 19 . Our data from direct injection of calibration gas into the blood gas analyser support this level of accuracy. Despite pre-analytic error, air equilibration followed by aspiration and blood gas analyser measurement has advantages over saline as it is simple, cost-free requiring only 30 minutes for equilibration and a uniform set of correction factors, thus allowing more frequent and accurate determination of mucosal PCO 2 .
The Tonocap data showed negligible bias and highly precise data. No correction factors were required. By aspirating the entire sample in one pass to measure peak CO 2 tension, the Tonocap TC-200 appears to have eliminated pre-analytic dilution and resultant negative bias. Other advantages of the infrared system include the automated technology, the ease of use, rapidity of response and measurement accuracy and reproducibility 20 . Accuracy may be improved still further in the clinical context because equilibrated air is recycled into the tonometer after each measurement. In addition, simultaneous measurement of end-tidal CO 2 enables calculations of the CO 2 gap 21 . In our study, there was no significant difference between the Tonocap and the ABL-620 with respect to measured PCO 2 or derived pHi values, after applying a correction factor of 1.25 to the blood gas analyser measurements.
In conclusion, we suggest that air as an equilibration medium improves the measurement accuracy of gastric tonometry when compared with saline. The development of the Tonocap device represents a significant advance in the clinical measurement of gastric mucosal PCO 2 and allows more frequent and reliable detection of gastric mucosal ischaemia. With the ABL 620 blood gas analyser and air equilibration for 30 minutes in a TRIP catheter, using one standard correction factor, it is possible to achieve results of similar accuracy to those obtained with the Tonocap TC-200.
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